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INTRODUCTION
CoFe 2 O 4 (CFO) and NiFe 2 O 4 (NFO) are insulating ferrimagnetic spinel oxides that are attractive for magnetoelectric oxide heterostructure devices, as well as various types of high frequency and high power applications. cations and the divalent M 2þ cations. Due to the occurrence of two types of magnetic ions at the octahedral sites, the two magnetic sublattices lead to a volume magnetization of 0.45 MA/m for CFO, and 0.33 MA/m for NFO. 3 A small fraction of the divalent cations can be found at the tetrahedral sites depending on the sample preparation or thermal history of the samples. [4] [5] [6] [7] Raman spectroscopy has been proven to be a sensitive tool to short-range site ordering of the cations in spinel ferrites. Polarized Raman spectra of single crystal NFO indicated a 1:1 ordering of Ni 2þ and Fe 3þ at B-sites, inducing a distortion of the structure to a tetragonal symmetry. 8 Pronounced B-sites ordering was also evidenced by Raman spectroscopy by Iliev et al. 9 in NFO thin films. Epitaxial strain was found to have an influence on the cation distribution in spinel ferrites. 10 The influence of hydrostatic strain on the spinel structure of polycrystalline CFO, 11 the response of epitaxial CFO thin films to biaxial compressive stress, 12 and the influence of heteroepitaxially induced strain in BiFeO 3 -CFO nanostructures 13 were also studied using Raman spectroscopy.
While spectroscopic ellipsometry (SE) is commonly used to determine the optical constants and the optical bandgap of various materials, magneto-optical Kerr effect (MOKE) spectroscopy in combination with SE is often applied to obtain the off-diagonal dielectric tensor elements of oxides. 14, 15 Numerous MOKE studies in various ferrites are reported in the literature and sometimes the interpretation of the electronic transitions observed in the spectra is contradictory (see, e.g., Fontjin et al. 16 for an overview). Only two reports exist on ferrite films, to the best of our knowledge. Kim et al. 17 reported MOKE spectra of Fe 3 O 4 , NFO, and CFO films with thicknesses of about 1 lm fabricated by sol gel. Mistr ık et al. 18 reported MOKE spectra of a 93 nm thick NFO film deposited by pulsed layer deposition onto fused quartz substrates and found that the experimental spectrum was slightly shifted and broadened compared to the calculated one, probably due to structural defects.
Here the structural, optical, and magneto-optical properties of epitaxial CFO and NFO thin films are investigated by combining XRD, variable angle spectroscopic ellipsometry (VASE), MOKE, and Raman spectroscopy. In addition, arrays of submicron structures are also investigated by Raman spectroscopy.
EXPERIMENTAL
CFO and NFO epitaxial thin films were grown on Nbdoped SrTiO 3 (100) (Nb:STO) substrates by pulsed-laser deposition (PLD), using stoichiometric ceramic targets. The films were deposited at a temperature of 575 C in an oxygen pressure of 6 Â 10 À3 mbar. For the in situ PLD fabrication of ordered arrays of sub-micron CFO and NFO structures SiN stencil masks with rectangular apertures were used, as described elsewhere. 19 The structures were fabricated at the same temperature as the thin films, but in a lower oxygen pressure of 1.2 Â 10 À3 mbar. The topography of the epitaxial CFO and NFO films and of the arrays of structures was investigated by atomic force microscopy (AFM) (Veeco, DI5000) working in tapping mode. The ellipsometric measurements were performed in the energy range from 0.73 eV to 5 eV at four angles of incidence using a M-2000 ellipsometer from J. A. Woollam Company. For the Raman scattering experiment, the samples were excited by the 532 nm line of a frequency doubled Nd:YAG laser and the spectra were collected by a LabRam spectrometer (Horiba Jobin Yvon) equipped with a Peltier cooled CCD detector and a 1800 grooves/mm grating. All spectra were obtained at room temperature in a backscattering geometry using an 100Â magnification objective which focuses the laser to a spot size of about 1 lm. The laser power was set at 1 mW which was low enough in order to avoid damage of the samples surface and laser heating. The MOKE spectroscopic measurements were performed in polar geometry in the energy range from 1.7 eV to 5.5 eV using a home-built spectrometer based on the design from Herrmann et al. 20 The setup measures the rotation h K and the ellipticity g K of the polarization of the light reflected from the sample exposed to a magnetic field (1.7 T) perpendicular to the sample surface. These quantities correspond to the real and imaginary parts, respectively, of the complex Kerr rotation angle of the light polarization:
. All measurements were carried out ex situ under ambient conditions and at room temperature. To exclude the contribution of optical anisotropy, the MOKE spectra were always recorded with the magnetic field pointing out from the sample and a second spectrum with the magnetic field pointing into the sample. The complex Kerr rotation spectra are then calculated as half the difference of the two spectra.
RESULTS AND DISCUSSIONS
In Figure 1( 6 .6% for bulk NFO and of 7.3% for bulk CFO with respect to the Nb:STO) is expected for the CFO film, leading to a shift of the 004 reflection peak towards lower angles. However, due to the very large mismatch, it is likely that the CFO film relaxes the strain by forming structural defects such as misfit dislocations at a smaller critical thickness than the NFO film. This may explain why the position at which the (004) reflection of the CFO film occurs is at a larger 2h angle than the same reflection of the NFO film ( Fig. 1(a) ), indicating that the NFO film is much more strained and has a larger out-of-plane lattice parameter than the CFO film. The formation of other types of extended structural defects and of point defects such as oxygen vacancies may also contribute to the values of the lattice parameters of the films, which deviate from those of the bulk CFO and NFO. Still, the CFO and NFO films grew heteroepitaxially on the Nb:STO substrate. The heteroepitaxial growth was confirmed by the pole figure measurements that were measured on a BraggBrentano diffractometer. As a source of the X-rays, the Nifiltered radiation of a Cu anode (k ¼ 0.15418 nm) was employed. The pole figures were measured as a sequence of /-scans at different inclinations of the sample from its symmetrical position. Exemplarily, a single /-scan taken at the sample inclination of 35.3 for the NFO film is shown in inset of Fig. 1(a) . In Figure 2 (a), the Raman spectra measured for a Nb:STO(100) substrate and for a 69 nm CFO film grown Nb:STO are shown. The spectra were normalized to the same intensity and the substrate spectrum was subtracted from the film/substrate spectrum. The obtained difference spectrum is shown in the lower part of the figure. The same normalization procedure was applied also for the spectra measured for NFO films and for the measurements performed in different polarization configurations. Removing the substrate contribution from the Raman signal of the ferrite films is important for a clear assignment of the peaks. The direct evaluation of the spectra of the film and substrate 21 can lead to ambiguous peak assignment because the Nb:STO substrate has peaks in the region where the ferrite films also reveal features, as can be see in Figure 2 (a).
The spinel structure can be described by the space group Fd 3m (No. 227) and factor group analysis predicts 5 Raman active internal modes: A 1g þ E g þ 3T 2g . 8, 22 The comparison of the polarized Raman spectra for NFO and CFO films deposited onto Nb:STO is shown in Figure 2 (b). The spectra were measured in backscattering geometry in which the directions of the incident and scattered light are parallel with the normal to the films surface (z). In the parallel polarization configuration (y, y), the polarization directions for the incident and scattered light were both along a [001] direction of the cubic STO substrate, while for the cross polarization (x, y) the detection of the scattered light was realized in a polarization direction perpendicular to that of the incident light. The clear dependence of the Raman spectra on the polarization geometry suggests that the films are epitaxial. As can be seen in Figure 2 (b), the number of the observed Raman lines exceeds the expected number of Raman peaks for the spinel structure. The spectra and the polarization dependence in Figure 2 (b) for NFO films is very similar to those observed by Ivanov et al. 8 for NFO single crystals and by Iliev et al. 9 for NFO epitaxial films. This behavior was explained by a short range order of Ni 2þ and Fe 3þ cations which induces domain formation with lower symmetry than the cubic inverse spinel one (Fd 3m) and thus new sets of Raman modes. In the spectrum measured in parallel polarization configuration for the NFO films 7 peaks could be clearly identified at $ 338, 457, 493, 575, 596, 675, and 710 cm À1 while for the spinel structure only one A 1g and one E g mode are expected. On the other hand, in the spectrum measured in cross polarization configuration peaks are observed at $490, 590, 670, and 703 cm À1 , instead of two F 2g modes which are expected for the spinel structure in our measured range. The positions of the bands and their dependence on polarization resemble those observed for NFO single crystals and NFO films deposited onto MgAl 2 O 4 .
9 Based on these similarities and the symmetry consideration which were discussed in detail by Ivanov et al. 8 the additional peaks seen in our spectra could be consistent with the ordering of Ni 2þ and Fe 3þ at the octahedral sites, which arises from a structure having tetragonal P4 1 22/P44 3 22 symmetry coexisting with an orthorhombic structure variant. A direct assignment of each single mode in our spectra cannot be realized because of the tetragonal and orthorhombic phase mixture and mainly because the epitaxial thin films do not allow the measurements in sufficient polarization configurations. A fully inverse octahedral B site arrangement which corresponds to tetragonal symmetry was also found to be energetically most favorable by using density functional theory 10 for both NFO and CFO materials. The spectra of the CFO films measured in different polarization configurations shown in the lower part of Figure 2 (b) also show a larger number of phonon bands than expected for the ideal spinel structure. This behaviour was again attributed to the local short ordering of Co 2þ and Fe 3þ at the octahedral sites which induces the lowering of the symmetry. 12 Raman measurements were also performed on the structured samples. The circle plotted in Figure 1(c) gives an indication of the laser spot size. Due to the dimension of the laser spot, the lateral resolution is low, thus each single Raman measurement contains contribution from both ferrite structures and the underlying and/or uncovered substrate. The Raman signal of the structures is obtained by performing the same normalization procedure as for the films. In Figures  3(a) and 3(b) , typical Raman measured spectra are shown for the CFO and NFO structures, respectively, in comparison with the spectra of the films. As can be seen similar spectra were measured also for the structured arrays suggesting the preservation in the structures of the cation distribution at the tetragonal and octahedral sites as in the epitaxial thin films. This means that the deposition and stoichiometry of the submicron structures are not disturbed by the stencil mask. The small differences in the relative intensities could be explained by a partial relaxation of the epitaxial strain in the structures through the free surfaces of the structure edges.
In order to determine the dielectric function of the NFO and CFO films, the Nb:STO substrate was measured first by ellipsometry. The optical response of the substrate was described using a model consisting of Gaussian oscillators, which ensured the Kramer-Kronig consistency of the real and imaginary parts of the dielectric function. Using the dielectric function of the substrate, the ellipsometric spectra of the ferrite films were evaluated. The absorption free range, below 1.4 eV was used first for an initial estimation of the films thicknesses using a Cauchy dispersion relation for the refractive index. Further, the ellipsometric spectra were evaluated in the whole energy range employing a four-phase model: substrate/film/roughness layer/ambient. A sum of four Gaussian oscillators was used to simulate the optical response of the films, while the roughness layer was considered to be a mixture of 50% film material and 50% voids using Bruggeman effective medium approximation. 23 Thicknesses of 69.3 nm and 80.4 nm were obtained from the ellipsometric evaluation for the NFO and CFO films, respectively, the roughness being below 3 nm in both cases, in good agreement with the AFM results. The real and imaginary parts of the dielectric functions for CFO and NFO are shown in Figure 3(a) . These diagonal components of the dielectric function were further used for the evaluation of the MOKE spectra. The dielectric function obtained for the CFO film is in good agreement with the one for a CFO crystal by Martens et al. which was determined above 1.5 eV. 15 Converting the dielectric function to optical constants a good agreement was also obtained with the optical constants of CFO and NFO crystals determined above 1.6 eV. 24 Our data extend the range of the dielectric functions down to 0.73 eV, which allows to use the absorption edge for optical gap determination, as described below. It should be pointed out that the imaginary part of the diagonal component of the dielectric function is smaller for NFO than for CFO below 2.4 eV and larger above 3.5 eV. The involvement of possible transitions in this energy range will be discussed later in the evaluation of the magneto-optical data.
The energy and the type of transition for the optical gap of NFO and CFO films were determined by analyzing the absorption coefficient using the model proposed by Bardeen et al. 25 The absorption coefficient a ¼ ð4pk=kÞ was calculated from the extinction coefficient k. The product of the absorption coefficient a and photon energy E is proportional to ðE À E g Þ g , E g is the energy of the optical bandgap, and the exponent g has a value of 1 = 2 for direct transitions and a value of 2 for indirect transitions. In 
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for the direct and indirect transitions, respectively. For CFO these values were determined to be 1.95 eV and 1.42 eV. The same method has been employed before for modeling the absorption edge for multiferroic materials. 26, 27 The error in the determination of these values was estimated to be 60.03 eV. The characteristic S-shape of ða Á EÞ 1=2 which presents two distinct slopes suggests the phonon involvement in the optical absorption process 28, 29 indicating that NFO and CFO are indirect bandgap materials. The values for the indirect transitions are larger than the values calculated from first principles for both NFO and CFO. 10, 30 On the other hand, the values are smaller than those recently experimentally determined using absorption measurements for NFO 31 and CFO 32 thin films. It should be pointed out that the optical constants obtained from ellipsometry are more reliable than those obtained directly from absorption measurements particularly near to the absorption edge.
The MOKE rotation and ellipticity spectra of the NFO and CFO films are shown in Figure 5 . The NFO film exhibits a smaller MOKE signal and therefore the NFO spectra were multiplied by a factor of 3 for a better comparison.
The lineshape of the polar Kerr rotation of the NFO film is similar to that observed for the (111) face of a nickel ferrite single crystal 33 only slight shifts and small differences in the relative intensities of the spectral structures are noticeable. The same observation also holds for the CFO film as compared to the reported MOKE spectra of a CoFe 2 O 4 (111) single crystal. 15 The similarity between the film and crystal spectra can easily be understood at higher energies considering that the penetration depth, estimated from the optical constants determined in this work, is lower than the film thickness for photon energies above 2.21 eV (CFO) and 2.84 eV (NFO).
However, in order to avoid possible interference effects in the low energy region of the spectra, the off-diagonal component of the dielectric tensor was obtained as described in the following.
The magneto-optical Kerr effect can be described by the occurrence of off-diagonal components of the macroscopic dielectric tensor. In the polar MOKE geometry, as used in this work, the light propagates along the z direction and hence parallel to the magnetic field direction. The dielectric tensor for a tetragonal crystal, such as proposed by Fritsch et al. 10 for the investigated systems, exposed to a magnetic field applied along the c direction (along the z-axis) has the following form: xy . The off-diagonal component of the dielectric tensor can be expressed with the help of magneto-optical material constant Q, the so-called Voigt constant:ẽ xy ¼ Q Áẽ xx . 34 For bulk samples, only the light reflected at the sample surface carries the magneto-optical information and the corresponding change in the light polarization upon reflection can be expressed in the following form:
For a film with a thickness smaller than the penetration depth of the light, light can also be reflected at the interface film/substrate and the magneto-optical signal is influenced by interference effects. In this work, we will use the mathematical formalism from Fronk et al. 35 to extract the Voigt constant Q by a point-by-point fitting procedure from the MOKE spectra and from the optical constants obtained by spectroscopic ellipsometry. Thus, we calculated the offdiagonal elements of the dielectric tensor for comparison with reported values on ferrites (e.g., in Fontijn et al.
16
). The STO substrate itself exhibits a small MOKE signal in the energy range between 4 eV and 5 eV. This was taken into account in the numerical calculation of the Voigt constant of the NFO and CFO films. The spectral dependence of the real (e 0 xy ) and imaginary part (e 00 xy ) of the off-diagonal component of the CFO dielectric tensor is shown in Figure 5(b) . The shape and magnitude of the spectra are very similar to that reported for a CFO(111) single crystal. 15 The sign of e 0 xy is, however, inversed, due to different sign conventions used in the definition of the complex Kerr rotation angle. Only a few slight differences are noticeable: the transition between the crystal field (CF) splitted d orbitals of Co 2þ is blue shifted in our case (by 0.12 eV); the intervalence charge transfer (IVCT) transition at $2.2 eV is stronger in our films compared to the crystal, and the inter-sublattice charge transfer (ISCT) transition at $4 eV is smaller in its relative intensity to the other bands compared to the crystal. 32 The observation of the CF band in mixed ferrites is attributed to a distortion of the octahedral site symmetry. Moreover, in ferrites with ions in the high spin state on the tetrahedral lattice sites (such as Co 2þ in CFO) the CF transitions may have considerable oscillator strength. 16 The blue shift of the CF transition in our CFO film compared to the crystal might be related to the presence of residual strain in the films. The intensity decrease of the ISCT band at $4 eV might be explained by a decrease in the net magnetic moment, probably due to structural defects reducing the symmetry of the octahedral and tetrahedral Fe 3þ sites. A similar observation was reported for the NFO MOKE spectra of films compared to the bulk by Mistrik et al. 18 In case of NFO, the e 0 xy and e 00 xy spectra calculated in this work exhibit sharper features compared to those reported for a NFO crystal in Ref. 36 . This might be due to a better crystalline quality of the films compared to the crystals studied by Fontijn et al. 36 Our MOKE spectra are, however, well comparable to those of the 1 lm films studied by Kim et al. 17 We therefore refer to the latter reference for the assignment of the spectral features of films in this study.
The crystal field (CF) transition in NFO is much weaker compared to that in CFO, however, still detectable. For Ni 2þ ions occupying octahedral sites the CF transitions are parity forbidden and should not be observed in NFO. However, if the film has a tetragonal symmetry as indicated by the Raman results, rather than a cubic symmetry, the parity selection rules for the Ni 2þ ions at the octahedral sites are relaxed and the CF transitions can be observed. In addition, a small fraction (3.5% or less) of Ni 2þ ions occupying tetrahedral sites could lead detectable MOKE signal 17 while hardly affecting the Raman spectra. The oscillator strength of the CF transition in NFO is lower than in CFO due to the lower spin state of the Ni 2þ (3d Table I and compared to the values reported for the 1 lm thick films and for the single crystals along with the assignment of the spectral features. It should be noted that all band assignments proposed in the literature assume a cubic symmetry of the inverse spinel structure. A small tetragonal distortion should lead to a broadening of the bands compared to the real cubic structure.
From the difference between the energies of the IVCT transitions involving Fe 3þ ions, the energy splitting between the t 2g and the e g orbitals was calculated to amount to 1.4 eV for CFO and 1.47 eV for NFO. These values are consistent with that reported by Fontijn et al.

SUMMARY
The Raman spectra measured on nickel and cobalt ferrite revealed a larger number of phonon bands than expected for the cubic spinel structure. Their polarisation dependence can be explained by a short range ordering of the divalent cations at the octahedral sites which induce a lowering of the symmetry, in agreement with the model proposed by Ivanov et al. 8 The Raman investigations performed on the ordered arrays of submicron structures showed the preservation of the cation distribution at the tetragonal and octahedral sites as in the corresponding epitaxial films. The dielectric function of the ferrite films was determined in the 0.73-5 eV energy range. A bandgap model was used to analyze the absorption edges and the energies of the first indirect and direct optical transition were determined for both cobalt and nickel ferrites. It was found that both materials have an indirect bandgap, with values of 1.65 eV and 1.42 eV for nickel ferrite and cobalt ferrite, respectively.
The off-diagonal components of the dielectric tensor determined from the MOKE spectra and ellipsometry spectra compare well with the reported bulk spectra for CFO, except slightly different relative intensities of the IVCT and ISCT bands, which might be related to the presence of structural defects that reduce the symmetry of the octahedral and tetrahedral Fe 3þ sites in our films. The e 0 xy and e 00 xy spectra calculated in this work exhibit sharper features as compared to the bulk spectra reported by Fontijn et al., 36 possibly due to a higher crystalline quality of the films.
TABLE I. The energy of the transitions determined from the MOKE spectra and from the off-diagonal components of the dielectric tensor compared to the values reported for the 1 lm thick films and for the single crystals, respectively, along with the assignment of the spectral features. The ions situated at octahedral positions are denoted by square brackets and the tetrahedral sites are denoted by parentheses. 
